A total of 46 rhizobial strains were assessed for anaerobic growth in the presence of nitrate, and, using the criteria of nitrate utilization and nitrous oxide and nitrogen production, for their ability to denitrify. Nitrite production was also measured. Half of the strains were denitrifiers: these included all five strains of R . meliloti tested which produced N, from nitrate and most of the slow-growing rhizobia, but none of the 14 strains of R . trifolii.
12 mm test tubes containing 9-5 ml yeast extract/mannitol medium supplemented with separately sterilized 6 mM-KNO,. Sterile liquid paraffin (0.5 ml) was layered over the liquid and the 1.5 ml headspace closed with a sterile rubber seal. All strains were grown in this way on four separate occasions and on one of these in duplicate. On two of these occasions duplicate cultures were grown in medium lacking 6 mM-KNO,; at 3 d intervals, anaerobic growth was assessed turbidometrically at 680 nm by comparison between cultures grown with and without nitrate.
Flushing the headspace with N, had no significant effect on any of the parameters examined.
The relative growth rate of different strains was assessed by visual estimation of colony size on agar plates over a 9 d period. Rhizobia from agar slopes were streaked on yeast extract/mannitol agar both with and without 6 mM-KNO,, and after appreciable growth had occurred a single colony was re-streaked on solid media, and colony size was again estimated after 9 d. Each strain examined gave a similar growth rate on all four plates (with and without 6 mM-KNO,, first streak and single colony re-streak). Determination of nitrate, nitrite, nitrous oxide and ammonium. Ammonium and nitrate plus nitrite were determined by autoanalyser (Brown, 1973; Kamphake et al., 1967) . This method, including the correction for nitrite when necessary, and the dilution step necessary when little nitrate was utilized, may not be sufficiently accurate to detect reproducibly utilization of less than 5 % of the total nitrate present.
Nitrite concentration was estimated approximately using the Merckoquant nitrite test strips (Merck) and comparing the colour with standards. Where necessary, samples were diluted to bring the nitrite concentration into the range 0.1-0.5 mM. This method is sufficiently sensitive to detect the presence of 0.5 pmol nitrite in our system (i.e. about 50 pwnitrite).
N,O in the culture headspace was determined by gas chromatography as described previously (Daniel et al., 1980b ). This method is very sensitive and will reproducibly detect the production of less than 50 nmol N,O. ISN2 production. Cells were grown in duplicate in test tubes as described above but with 6 mM-K"N0, instead of 6 mM-KNO,. The lSN2 content of the headspace gas was determined on a Micromass 602C mass spectrometer equipped with a twin inlet system and dual collector plates. A working standard of atmospheric N, was used.
R. M . D A N I E L A N D O T H E R S R E S U L T S A N D D I S C U S S I O N
As judged by the data for nitrate removal (Table l), 7 of the 46 rhizobium strains tested were active denitrifiers, which converted more than half of the supplied nitrate to N,O or N,; the end product in 6 of these strains was N,O. All of these 7 were slow-growing. Another 9 strains were moderately active denitrifiers, but most of these were fast growers yielding N, as the end product. Judged by the more sensitive criteria of N,O production, or 15N, production from KI5NO3, an additional 7 strains catalysed denitrification at low rates. Thus a total of 23 of the 46 strains tested were capable of some denitrification. Zablotowicz et al. (1978) found that 7 of the 33 organisms they tested were able to reduce nitrate but were not denitrifiers. We have not found this to be the case for any of the strains we tested, although a few did accumulate nitrite, suggesting a relatively low nitrite reductase activity.
Although many rhizobial strains will nodulate more than one type of host plant, the taxonomy of rhizobial strains is still based on the ability to nodulate a particular plant species, and is of uncertain validity (Buchanan & Gibbons, 1974; Vincent et al., 1979) . Thus any attempt to correlate a physiological property such as denitrification with rhizobial species is difficult. With that proviso, the most significant species correlation which can be drawn from the data in Table 1 is the lack of denitrification ability among any of the R. trifolii strains tested. None of the three R. trifolii strains tested by Zablotowicz et al. (1978) were capable of denitrification. Although the ability is also absent from all the R. phaseoli strains and present at low rates among all R. leguminosarum strains tested, the number of strains involved is small. However, these three species have been proposed on the basis of DNA homology (Jarvis et al., 1980) and other criteria (e.g. Roberts et al., 1980; Vincent et al., 1979) to be more closely related to one another than to the fourth species of fast-growing rhizobia, R. meliloti. It is therefore interesting that among the former three species there are no good or moderately good denitrifiers, whereas all the R. meliloti tested denitrify moderately well and all produce the same end product, N,. Among R. lupini and Rhizobium sp. there is a tendency for the slow-growing strains to be the more vigorous denitrifiers, and for 'denitrification ability to be completely absent only from fast growers.
Although the number of strains tested here is small, if further work confirms that R. meliloti are the only fast-growing rhizobia which reduce nitrate rapidly to N, and that no R. trifolii are capable of any denitrification, these could be taxonomically useful characteristics.
One of the currently most reliable taxonomic characteristics among rhizobia is growth speed. Overall, of the 21 strains which definitely do not denitrify, all but one are fast growers (although the converse is not the case). The exception, R. phaseoli PDD3305, would normally be regarded as a fast grower, and its slow growth in our hands may have been a response to conditions rather than an intrinsic property. Apart from this strain, and R. lupini PDD3905 which responded inconsistently, all the slow-growing strains are capable of some denitrification. Although Zablotowicz et al. (1978) also found, by the criteria of nitrate removal and gas production in Durham tubes, that none of their 6 strains of fast-growing rhizobia would denitrify, nor would 5 of their 16 R. japonicum strains. However, as seen from Table 1 , these techniques may not be sufficiently sensitive to detect low denitrification activity.
Earlier work (Daniel et al., 1980b) suggests that the simple turbidometric method of assessing anaerobic growth used here may not give a positive result with rhizobia which display poor anaerobic growth. Bearing this in mind there is a reasonable correlation between the ability to grow anaerobically and the capacity for denitrification. No strains grew anaerobically in the absence of nitrate. Although it is difficult to be sure that the strains tested here are representative of all rhizobia, we believe these results indicate that a substantial proportion of slow-growing rhizobia are capable of anaerobic growth in the presence of nitrate, and most, if not all, are capable of some denitrification; and that denitrification is rare among fast-growing rhizobia other than R. rneliloti.
